Background: Anterior cruciate ligament (ACL) tear is a common injury in sports and often occurs during landing from a jump.
Anterior cruciate ligament (ACL) tear is one of the most common knee injuries in sports, especially in those involving landing 49 and cutting tasks 40 such as soccer, volleyball, and American football. 20 A study that analyzed mechanisms of ACL injuries in elite women's netball reported that more than 80% of ACL tears occurred during landing tasks. 49 Moreover, due to higher participation rates in sports activities among adolescents and young adults compared with other age groups, ACL injuries are more common among these young people, with an annual incidence reaching almost 69 per 100,000 person-years. 20, 45 The consequences of ACL injury can be severe; even after successful ACL reconstruction, only 55% of athletes return to competitive sport levels within the first year. 2 More important, an ACL tear frequently leads to early posttraumatic knee osteoarthritis regardless of treatment. 37 In-depth biomechanical understanding of noncontact ACL injury and associated risk factors is required for the development of effective injury prevention programs (IPPs). 26 Four theories 13 have been proposed to characterize ACL injury risk in athletes; these theories suggest that participants at high risk of injury land from a jump (1) with their knee in a valgus position and their femur in adduction and internal rotation, thus loading the knee ligaments excessively (ligament dominance theory); (2) with the knee in an extended position and with excessive quadriceps activation relative to the hamstrings, thus generating an anterior shear stress to the tibia (quadriceps dominance theory); (3) with deficits in trunk control (trunk dominance theory); and (4) with large leg-to-leg asymmetries (leg dominance theory). Video analyses of ACL injuries support the 4 theories, as these analyses identified excessive knee valgus (ligament dominance), decreased knee flexion angle (quadriceps dominance), excessive lateral trunk displacement (trunk dominance), and asymmetrical body weight distribution between the 2 legs (leg dominance) during the occurrence of ACL tears. 16, 22, 49 Prevention of ACL injury should target modifiable biomechanical and neuromuscular risk factors. IPPs reduce ACL injuries, although we do not know the exact mechanisms behind this outcome. 14, 44, 50 Several studies have investigated the effectiveness of IPPs designed to improve the biomechanics of landing associated with ACL injury kk ; however, a comprehensive evaluation of the literature has not been conducted.
Thus, the purpose of this systematic review is to synthesize the evidence on the effect of IPPs on landing biomechanics as they relate to the ligament, quadriceps, trunk, and leg dominance theories of ACL injury.
METHODS

Protocol and Registration
A review protocol was registered in the International Prospective Register of Systematic Reviews (CRD42015020312).
Data Sources
Six electronic databases (MEDLINE, Web of Science, EMBASE, SCOPUS, SportDiscus, and CINAHL) were searched from the earliest records to June 2015 by use of relevant terms. Appendix A, available in the online version of this article, describes the search strategy and results.
Study Selection
Two investigators (T.J.A.L. and E.P.) independently screened titles and abstracts. Full texts were obtained if at least 1 investigator indicated that the study could not be excluded by the title and abstract.
Studies were included if they investigated landing tasks (unilateral or bilateral) by using a 3-dimensional (3D) motion analysis system or by measuring kinetics via a force plate. The studies that fit the aforementioned criteria also had to report data on at least 1 variable associated with at least 1 of the 4 dominance theories. We included any type of prospective study written in English, whereas abstracts or presentations were excluded. Data were extracted from the baseline and post-IPP results. We used the results from the intervention group only, except for studies in which the IPP of the control group met the inclusion criteria, in which case the results from the control group were also included.
Inclusion criteria for the IPPs consisted of training that focused primarily on injury prevention instead of performance enhancement and that occurred for a minimum of 2 days. When different components of the IPPs were presented, all of them were selected for our comparisons if they met the inclusion criteria. In the presence of multiple post-IPP evaluation time points, the assessment immediately after conclusion of the IPP was used.
Participants were included if they were injury-free and over the age of 10. No limits were placed on athletic level and sex; however, to allow for subgroup analysis based on sex, only studies that reported males and females separately were accepted. Last, when data were presented for both limbs (right and left) and for both single-and double-leg landing tasks, the right limb and double-leg landing task were chosen as they were the most commonly reported.
Methodological Assessment
The methodological quality of the studies was evaluated independently by 2 investigators (T.J.A.L. and M.S.). A 15-item, custom-designed, methodological quality assessment kk scale adapted from Downs and Black 10 (questions 1, 6, 9, 11, 12, and 15) and Brown et al 5 (questions 2-5, 7, 8, 10, 13, and 14) was used for evaluation purposes. An adapted quality index tool was applied for our review purposes, as the Downs and Black tool was designed mainly for randomized clinical trial studies, rendering some items nonapplicable for the assessment of crosssectional studies, and the Brown et al tool was designed specifically to assess biomechanical studies. Choosing relevant items from both questionnaires allowed for a more comprehensive assessment of the quality of the studies. Items were scored as 0 = ''clearly no,'' 1 = ''maybe or inadequate information,'' and 2 = ''clearly yes,'' comprising a 30-point scoring system (Appendix B). Any disagreements, which represented 16% of total quality analysis assessment (68 disagreements in 420 items), were resolved by consensus.
Data Extraction
The main outcome variables data we planned to extract regarding the ligament dominance theory 13 included hip and knee adduction-abduction at initial contact (IC), peak hip and knee adduction-abduction angles and external moment, and peak hip internal rotation kinematics. Outcome variables data related to the quadriceps dominance theory 13 consisted of hip and knee flexion at IC, peak hip and knee flexion angles and external moment, and peak vertical ground-reaction force (vGRF). Planned data extraction for the trunk dominance theory consisted of trunk lateral flexion and trunk rotation, 13 and for the leg dominance theory we planned to extract data from variables that examined side-to-side differences.
Due to the different conventions reported by the studies concerning adduction-abduction signs, we adopted the following biomechanical convention: hip adduction (1)/abduction (-) and knee adduction (-)/abduction (1) angles and external moments.
Apart from the biomechanical variables, data were extracted regarding sample size; type, intensity, and duration of IPP; and participants' age and sex. One investigator (T.J.A.L.) independently extracted data from the selected full-text articles, while a second investigator (E.P.) double checked that all data were correct.
Data Analysis
Review Manager (RevMan 5.3.5; Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2014) was used for the meta-analysis by entering means, standard deviations (SDs), and sample sizes before and after the IPPs on all relevant outcome variables that were reported by 2 or more studies. After testing for heterogeneity with the I 2 statistic (a priori defined cutoff at I 2 75%), an inverse variance with random effects approach was used with mean difference effect measures when the scale between the studies was the same and with standardized mean difference when the scales were different. 17 Forest plots and 95% confidence intervals (CIs) were produced as per the Cochrane Handbook. 17 
RESULTS
Study Characteristics
A total of 28 studies {{ met the inclusion criteria; however, 3 studies 38, 42, 52 were excluded from the quantitative analysis because they did not provide descriptive data ( Figure  1 ). The authors of those studies were contacted via email, but the requested data could not be obtained.
Across all studies, a total of 466 participants received an IPP. Twenty-four of the 28 studies included only female participants, while 22 studies used a bilateral leg landing task. In general, participants were athletes or recreational athletes with mean age ranging from 14 to 27 years old.
The IPPs varied from multiple interventions that mixed balance, plyometric, and neuromuscular training to single interventions such as strength or jump-landing training. These programs generally lasted from 4 to 10 weeks of training. A summary of each study, including participant 
Quality Assessment
The methodological quality scores ranged from 17 to 26 of a possible 30 points (Appendix B). Almost all studies met the criteria for 8 questions: clearly define the aim/hypothesis (question 1), clearly define participants' demographics (question 3) and characteristics (question 4), clearly describe interventions (question 6), describe methods in detail (question 8), clearly define outcome variables (question 13), conduct appropriate statistical analysis (question 14) , and provide estimates of random variability (question 15). A large number of studies did not meet the criteria for 6 questions: perform sample size power analysis (question 2), clearly state inclusion and exclusion criteria (question 5), allow participants proper training practice before the test (question 7), attempt to blind the assessors (question 9), report the measurement's test-retest reliability (question 10), and monitor participants' compliance with the intervention (question 12).
Heterogeneity Assessment
Differences in landing biomechanics have been reported to exist between males and females 21 as well as between unilateral and bilateral landing tasks. 39 Because some of the studies reviewed (9/28) reported results regarding male subjects or unilateral tasks, we decided to keep these studies and run a sensitivity analysis to check for differences in the overall results and increased I 2 . Despite finding no difference or high I 2 , we retained these studies in the quantitative analysis.
Furthermore, we retained in the quantitative analysis 2 studies 1, 19 that increased the I 2 for peak vGRF, because after sensitivity analysis no change was found in the final result. One study 27 increased the I 2 in 2 different outcomes; peak knee flexion angle and peak vGRF. Thus, to avoid a study selection bias, we excluded this particular study from the meta-analysis.
Ligament Dominance Theory
Results of all meta-analyses related to the ligament and quadriceps dominance theories are presented in Table 1 . The quantitative analysis revealed that peak knee abduction moment decreased after the IPPs (P = .01; Figure 2 ). In contrast, hip adduction at IC (P = .90), peak hip adduction (P = .48), knee abduction at IC (P = .55), and peak knee abduction (P = .45) angles as well as peak hip adduction moment (P = .63) did not change after the IPPs.
A study that did not provide descriptive data for a metaanalysis found a decreased peak knee abduction moment in 9 females after a 4-week plyometric-based IPP, 42 while another study did not find any effect of the IPP on 14 females for peak knee abduction angle. 38 Only 1 study reported data regarding peak hip internal rotation, which decreased after a soccer season's preventive program that consisted of stretching, strengthening, plyometric, and agility execises. 43 
Quadriceps Dominance Theory
Meta-analysis revealed that hip flexion at IC (P = .009), peak hip flexion (P = .002), and peak knee flexion (P = .007) angles increased after the IPPs, while peak knee flexion moment decreased (P = .005). However, peak hip flexion moment (P = .16), knee flexion angle at IC (P = .18), and peak vGRF post-IPP (P = .10) (Figure 3 ) did not change. Among studies that did not provide descriptive data for a meta-analysis, one particular study found decreased peak knee flexion angle and moment in females, from 13% to 25% of the landing phase, after a 4-week plyometric-based IPP. 42 Another study found no effect on peak knee flexion angle in female soccer players after 6 weeks of an IPP that consisted of flexibility, functional strength, and jumpingbased training. 38 A third study, which conducted a neuromuscular exercise program among adolescent basketball players, found increased peak knee flexion angle and decreased peak vGRF. 27 A study 52 that did not provide descriptive data for a meta-analysis also found no change in peak vGRF after a 6-week plyometric-based IPP in females, while Louw et al 27 reported decreased peak vGRF after an IPP that consisted of multiple neuromuscular exercise programs.
Trunk and Leg Dominance Theories
Only 1 study 9 investigated, in males, the effect of an IPP on variables related to the trunk dominance theory at IC. No statistical difference was found for trunk lateral flexion 
DISCUSSION
The purpose of this systematic review was to synthesize the evidence regarding the effect of IPPs on landing biomechanics as they relate to the ligament, quadriceps, trunk, and leg dominance theories of ACL injury. A number of important findings emerged: (1) After the IPPs, participants landed with decreased peak knee abduction moment, potentially decreasing their risk factors for ACL injury; (2) after the IPPs, participants landed with increased hip and knee flexion, thus potentially decreasing risk factors associated with the quadriceps dominance theory; (3) IPPs do not appear to result in ''softer'' landings as measured by peak vGRF; and (4) a dearth of studies are available on the effects of IPPs on variables related to the trunk and leg dominance theories as well as on males in general.
Importantly, the IPPs led to a reduced peak knee abduction moment, which can be helpful from a clinical point of view because this parameter demonstrates 78% sensitivity and 73% specificity as a predictor of ACL injury.
14 Promising yet mixed results regarding the ligament dominance theory were found: Peak knee abduction moment was decreased but the other variables associated with this theory, for instance, hip adduction at IC, peak hip adduction, peak hip adduction moment, knee abduction at IC, and peak knee abduction angle, did not reach the same statistically significant findings. We expected that IPPs would positively affect all other variables related to the ligament dominance theory; however, this did not occur. A number of reasons may account for these findings. For instance, from all studies 6, 8, 23, 33, 43 that assessed hip adduction at IC and peak hip adduction, only one group of participants presented at baseline the risk factor for ACL injury, while most of them landed with the hip abducted pre-IPP.
Furthermore, evidence indicates that an individualized IPP, targeted to the person's specific risk factors, may be more beneficial than a generic program. 32 One study used a prescreening method to identify ''high-risk'' athletes, defined as those having a high knee abduction moment, and then delivered the IPP to all athletes; only the high-risk athletes had a reduced peak knee abduction moment after the intervention. 32 Moreover, a recent study demonstrated that only 36% of female athletes exhibited signs of a ligament dominance deficit. 41 Consequently, when provided to all participants, IPPs likely do not make much difference for the majority of participants because they do not have the deficit present.
Regarding the quadriceps dominance theory, IPPs produce changes that are considered protective of ACL injury, such as increased hip and knee flexion during landing. The majority of studies 6, 8, 9, 18, 23, 25, 48 that reported increased peak hip and knee flexion angles included activities that prioritized soft landings by increasing knee flexion during IPPs that implemented plyometrics and jump-landing tasks. A potential mechanism by which these changes can protect from ACL tear is that greater hip and knee flexion places the hamstrings in an advantageous position for contraction 46 and possibly allows them to act as ACL synergists by pulling the tibia posteriorly, decreasing the anterior tibial force 29 and enhancing energy absorption during landing. 36 Additionally, greater knee flexion angle at the beginning of landing decreases the forces within the ACL. 4 Thus, to improve variables related to the quadriceps dominance theory during a landing task, an IPP consisting of plyometrics and jump-landing exercises that facilitates greater flexion in the knee and hip might be helpful.
Regarding the peak vGRF, it is unclear why the IPPs had no effect for either females or males. Ample evidence shows that landing with greater lower-limb flexion can decrease vGRF 47, 53 ; however, even though we found a statistically significant increase in peak hip and knee flexion after IPPs, these changes did not produce lower peak vGRF. Interestingly, of all studies 1, 3, 15, 19, 28, 31, 51 that individually reported a statistically significant decrease in peak vGRF, only 1 study 1 did not entail a jump-landing training program as the main IPP. Thus, although overall the IPPs had no effect on peak vGRF, it appears that in those individual studies where the IPP consisted mainly of improving landing mechanics, the peak vGRF decreased; however, it is unknown whether focusing on landing mechanics alone to decrease peak vGRF will be sufficient to decrease injury rate. 50 Some limitations emerged from this review, as the lack of uniform reporting of biomechanical variables could have decreased the power of the statistical analysis. Furthermore, only a small number of studies included male participants, which limited the power of the subgroup analysis between sexes. Only 1 study 9 presented data regarding the trunk dominance theory, and no study was found related to the leg dominance theory. The methodological quality rating revealed that some important methodological features could have influenced the overall results: Only 2 studies blinded testers during assessment; 8 studies reported test-retest reliability of 3D measurement between pre-and posttest assessment; and 13 studies satisfactorily controlled the participants' compliance (Appendix B). Last, some of the IPPs varied greatly among studies in terms of duration, intensity, and type, raising the possibility that the findings of a meta-analysis may be different as a larger number of studies with more homogeneous programs are published.
In conclusion, regarding the ligament dominance theory, one important variable linked to ACL injury, peak knee abduction moment, significantly decreased after the IPPs. However, some of the other variables related to this theory were not as sensitive to changes from IPPs. Due to differences in the methodological aspects of the studies, it is not clear whether the lack of effect related to the ligament dominance theory is due to participants' baseline biomechanical profiles or due to the content of IPPs, which should prioritize individualized, task-specific exercises related to the athlete's risk profile and should provide the necessary control of compliance, duration, and progression of training programs. IPPs in general appear to be effective at reducing some biomechanical risk factors related to the quadriceps dominance theory, especially IPPs that consist of activities to increase hip and knee flexion angles, such as plyometrics and jump-landing tasks. While improvements were found in hip and knee flexion angles, no change was found for peak vGRF.
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